Abstract Autism is a complex neurodevelopmental disorder with unknown etiology. One hypothesis regarding etiology in autism is the "opioid peptide excess" theory that postulates that excessive amounts of exogenous opioid-like peptides derived from dietary proteins are detectable in urine and that these compounds may be pathophysiologically important in autism. A selective LC-MS/MS method was developed to analyze gliadinomorphin, β-casomorphin, deltorphin 1, and deltorphin 2 in urine. The method is based on on-line SPE extraction of the neuropeptides from urine, column switching, and subsequent HPLC analysis. A limit of detection of 0.25 ng/mL was achieved for all analytes. Analyte recovery rates from urine ranged between 78% and 94%, with relative standard deviations of 0.2-6.8%. The method was used to screen 69 urine samples from children with and without autism spectrum disorders for the occurrence of neuropeptides. The target neuropeptides were not detected above the detection limit in either sample set.
Introduction
Autism spectrum disorders (ASD) are a behaviorally defined group of neurodevelopmental disorders characterized by impairments in social interaction and communication, and repetitive, overly focused behaviors. Autism is usually diagnosed during early childhood in the first 3-5 years [1] and is a lifelong disability. A gender difference is observed, with boys being affected about four times more often than girls [2] . In recent years an increased prevalence of autism has been reported. Statistics in the USA showed a prevalence of 20 per 10,000 for ASD in 1990, while recent surveys estimate 60 per 10,000 [3] . Although the increased prevalence is often attributed to greater awareness and better diagnostic tools, improvement in the detection of autism alone is not felt to sufficiently explain the persistent increase in prevalence. While the syndrome has been shown to be highly heritable [4] [5] [6] , various theories have been presented suggesting both genetic and environmental factors, such as dietary or chemical exposures.
A widespread hypothesis used to explain autistic symptoms is the "opioid peptide excess" theory. This hypothesis postulates that excessive amounts of endogenous or exogenous opioid peptides, derived from dietary proteins, may be pathophysiologically important in autism [7, 8] . Milk (casein) and wheat (gluten) proteins are thought to be incompletely broken down in the intestine due to deficient enzyme activity [9, 10] . As a result, short neuroactive peptides-such as β-casomorphin (Tyr-ProPhe-Pro-Gly-Pro-Ile) derived from casein or gliadinomorphin (Tyr-Pro-Gln-Pro-Gln-Pro-Phe) derived from gluten-are formed and have been detected in urine [11, 12] .
Many children with ASD show gastrointestinal symptoms such as inflammation, diarrhea, gastroesophageal reflux, abdominal pain and increased intestinal permeability [13] [14] [15] [16] [17] [18] . Increased gut permeability caused, for example, by gluten sensitivity could explain how neuroactive peptides enter the blood circulation, cross the blood brain barrier and exert an "opioid-like" effect in the brain [12] . Reichelt et al. have reported abnormal peptide concentrations in urine samples from autistic children [11] . They also studied patients with celiac disease and reported that the excretion of peptides was increased compared with an age-and gender-matched reference group. Pavone et al. evaluated 120 patients with celiac disease for autistic symptoms as well as 11 autistic patients for gluten specific antibodies and could not verify the hypothesis that a link between autism and celiac disease existed [19] .
However, the analytical technique used by Reichelt et al. to test for hyperpeptiduria is rather nonspecific for the target analytes. An urine aliquot equivalent to 250 nmol of creatinine was injected on a standard C18 reversed phase column, chromatographic separation was carried out using gradient elution, and detection was performed by UV light absorption at 215 and 280 nm [11] . Unfortunately, no quantitative results using any type of calibration were provided, which would allow an instrument-independent comparison of results obtained by different research groups. Instead, the part of the chromatogram after the elution of hippuric acid was classified as the "peptide elution area," and a sum integration of the peak areas was performed to compare groups. However, urine is a very complex biological matrix and absorption of UV light is rather nonspecific in that it is not just peptides that are detected.
Nevertheless, the "opioid peptide excess" theory has gained the public's attention and as a consequence many families put their children diagnosed with ASD on glutenand casein-free diets. This diet is difficult to follow, expensive, time-consuming, and the rigorous restriction of the diet may also create nutritional risk [20, 21] . Moreover, the "opioid peptide excess" theory has not been replicated by other researchers using chromatographic techniques in combination with more selective mass spectrometric detection [22] . Therefore, accurate information about the relationship between gastrointestinal symptoms and metabolic evidence of gluten sensitivity is very important for families of children with ASD, requiring a reliable, sensitive analytical method that determines the exogenous peptides in question selectively.
We have developed a selective and quantitative method for the analysis of four peptides in urine samples. The opioid peptides gliadinomorphin and β-casomorphin are used as lead exogenous neuropeptides. In addition, the endogenous peptides deltorphin 1 and deltorphin 2 are quantitatively analyzed to check for potential urinary excretion of neuroactive peptides. Sample preparation has been coupled directly to high-performance liquid chromatographic separation using on-line solid-phase extraction (SPE). Detection is carried out using tandem mass spectrometry. On-line SPE is a rapidly developing method within the field of sample preparation techniques. A sample aliquot is injected directly onto a SPE column, which is then washed to remove salts and other matrix components. Following the wash step, the SPE column is eluted onto the analytical HPLC column. Since on-line SPE requires only minimal sample handling, it increases method automation, laboratory throughput, and minimizes analyte losses. Application of tandem mass spectrometry provides highly selective detection of the target analytes with low detection limits. The analytical technique described has been applied to 69 first morning urine samples obtained from children with ASD and age-and gendermatched normally developing children.
Experimental

Chemicals
Deltorphin 1, deltorphin 2, and β-casomorphin were purchased from Sigma-Aldrich (St. Louis, MO, USA). Gliadinomorphin is not commercially available and was synthesized in-house. In addition, deuterium-labeled gliadinomorphin was synthesized by incorporating L-tyrosine-β,β-d2. Acetonitrile used for HPLC separation was purchased from Fisher Scientific (Pittsburgh, PA, USA). All solvents were HPLC-grade.
Synthesis of giladinomorpin and gliadinomorphin-d2
Wang (p-benzyloxybenzyl alcohol) resin and N-α-Fmoc-(L)-amino acids were purchased from Novabiochem (San Diego, CA, USA). L-Tyrosine-β,β-d 2 and di-tert-butyldicarbonate were purchased from Sigma-Aldrich. Analytical HPLC was performed on an Alltech (Deerfield, IL, USA) Alltima™ C18 column (5 μm, 250×4.6 mm), eluted with a linear gradient of 0.075% CF 3 COOH/CH 3 CN (v/v) (solvent B) and 0.1% CF 3 COOH/H 2 O (v/v) (solvent A) at a flow rate of 1 mL/min. Semi-preparative HPLC was performed on an Alltech Alltima™ C18 column (5 μm, 250×22 mm), eluted with a linear gradient of solvent B and solvent A at a flow rate of 6 mL/min. The effluent was monitored by detecting its optical absorption at 280 nm. ESI-MS was performed on a Thermo Finnigan (San Jose, CA, USA) LCQ™ Deca instrument. Thin layer chromatography was performed with EM Science (Gibbstown, NJ, USA) silica gel 60 F 254 plastic-backed plates (cat. no. 5735).
Peptides were synthesized on Wang resin (240 mg, 1.2 mmol/g) via Fmoc solid-phase peptide synthetic techniques. Initial loading of the N-α-Fmoc-L-Phe-OH amino acid onto the resin was accomplished via symmetric anhydride activation. N-α-Fmoc-L-Phe-OH (5 equiv. to resin, 0.465 g) was dissolved in anhydrous CH 2 Cl 2 (10 mL), DIPCDI (2.5 equiv., 95 μL) was added, and the mixture was stirred for 20 min at 0°C on ice. The CH 2 Cl 2 was removed by evaporation under reduced pressure, the residue resuspended in DMF (4.5 mL) and added along with 0.1 M DMAP in DMF solution (0.05 equiv., 0.024 mL) to pre-swollen resin; the mixture was agitated by bubbling Ar gas through the resin slurry at room temperature for 2 h. After washing and drying the resin, the loading yield was estimated by measuring the amount of Fmoc released from the resin upon piperidine treatment. Two aliquots of resin (about 1-2 mg each) were weighed into test tubes and 20% piperidine in DMF (3 mL) was added to each. After agitation for 3 min, the absorbance at 290 nm of each solution was compared to the 20% piperidine reference solution and loading yield was estimated at 0.478 mmol/g from the equation: mmol/g = (Abs sample − Abs ref )/(1.65 × mg of resin). The remaining hydroxyl functionality on the resin was blocked by reaction with acetic anhydride (2.5 equiv.) and 0.1 M DMAP/DMF solution (0.05 equiv.) in DMF.
After the initial loading, peptides were extended in a batch-wise manner: Fmoc was removed from resin-bound N-terminal amines with 20% piperidine in DMF, and amide couplings were performed by the addition of a solution containing 3 molar equivalents of protected amino acid, HOBt, PyBOP, and DIEA in DMF (10 mL/g resin).
Removal of the Fmoc group and completion of the conjugation reaction were monitored by the quantitative ninhydrin test [23] .
Upon addition of the penultimate amino acid, the resin was divided into two aliquots and the final amino acid was added as either N-α-Fmoc-Tyr-OH or N-α-Boc-Tyr-β,β-d 2 -OH. The Boc-protected form of the deuterated tyrosine was prepared by dissolving 183 mg of L-tyrosine-β,β-d 2 (1 mmol) in dioxane, adding (Boc) 2 O (1 equiv., 174 mg) and NaHCO 3 (250 mg), and sonicating the mixture for 6 h, after which the solids were filtered and the remaining solution brought to dryness under vacuum [24] . The residue was dissolved in 10 mL of distilled water, acidified by the addition of a saturated solution of KHSO 4 until the pH was 2.0, and the solution was extracted with five portions of Et 2 O. The organic phase was subsequently dried with NaSO 4 and evaporated under vacuum to yield 266 mg N-α-Boc-Tyr-β,β-d 2 -OH (94% yield). The N-α-Boc-Tyr-β,β-d 2 -OH was >99% pure by HPLC and was used without further purification in the peptide synthesis.
The peptide resin was washed thoroughly and dried under reduced pressure overnight. Cleavage and deprotection of both the native and deuterated forms of the gliadinomorphin peptides was afforded by treatment of the resin with a mixture of 95% CF 3 COOH, 2.5% H 2 O, and 2.5% TIS (10 mL/g peptide resin) in a stoppered flask left to stand at room temperature for 2.5 h with occasional swirling. The resin was removed by filtration and rinsed twice with cleavage mixture; the filtrates were combined and CF 3 COOH was evaporated under reduced pressure. Cold Et 2 O was added to the residue and the obtained precipitate was extracted into water. Crude peptides were >85% pure by analytical HPLC. Following purification by semi-preparative HPLC, peptides of >98% purity were lyophilized and stored at −80°C.
On-line SPE-HPLC-tandem MS conditions
The scheme used for the analytical instrumentation with the on-line SPE setup is shown in Fig. 1 . Chromatographic separation was performed using a Shimadzu ASP10 HPLC system (Shimadzu, Pleasanton, CA, USA) equipped with a ten-port valve and a two-channel UV detector. The HPLC system consists of three pumps. Pumps A and B are used for binary high-pressure gradient mixing, and pump C is delivering an independent purge solvent flow. Biofluid extraction was performed using an Oasis HLB SPE column (20 mm × 2.1 mm I.D., Waters, Milford, MA, USA). Analytes were separated on a reversed phase HPLC column (4u Proteo 90 Å, 150 mm, 4.6 mm I.D., 4 μm; Phenomenex, Torrance, CA, USA) using gradient elution with a water-0.1% formic acid (solvent A)/ acetonitrile-0.1% formic acid (solvent B) solvent system. A flow rate of 0.300 mL/min was used. In valve position A (see Fig. 1 ), the sample is injected on the SPE column (Oasis HLB), and then a wash step is performed to remove salts and proteins. The wash fluid is directed to waste while pump C independently delivers solvent (acetonitrile-0.1% formic acid) with a flow of 0.1 mL/min to the mass spectrometer to maintain a stable spray in the electrospray source during the sample extraction step. Subsequently, the valve is switched to position B, the solvent flow through the SPE column is reversed, directed onto the analytical reversed phase peptide column, and the gradient is started. The analytical HPLC column is not flushed during the load and wash steps, but stays well-equilibrated in the starting gradient conditions for the next run. Valve switching events as well as the gradient program are summarized in Table 1 . The injection volume was 20 μL. The samples were kept at 10°C in the autosampler.
Analytes were detected by electrospray ionization (in positive mode) tandem quadrupole mass spectrometry (in multiple reaction monitoring mode, MRM) using a Quattro Premier tandem quadrupole mass spectrometer (Waters/ Micromass, Manchester, UK). Nitrogen gas flow rates were fixed with a cone gas flow of 25 L/h and a desolvation gas flow of 700 L/h. A source temperature of 125°C and a desolvation temperature of 300°C were applied. Electrospray ionization was performed with a capillary voltage fixed at 3.00 kV. Cone voltages were optimized for each analyte individually. Tune parameters including capillary voltage, cone voltage and extraction cone were optimized in an infusion experiment (data not shown). An extraction cone voltage of 5 V was selected. An offset value of 1 was used for the ion energies applied to quadrupole 1 and 2. Quadrupole resolution in MRM mode was set to an offset value of 12, resulting in a peak width at half height of 1 Da. A multiplier voltage of 650 V was applied. Argon was used as collision gas and the optimum gas pressure was experimentally determined as 4.19×10 −3 Torr. Optimum collision voltages were determined experimentally by acquiring product ion spectra (Table 2 ). These spectra were used to select a dominant product ion to set up the transition monitored in the MRM mode. Calibration standards containing the neuropetides in increasing concentrations were prepared in water. All standards contained gliadinomorphin-d2 as internal standard at a concentration of 600 ng/mL. The linearity of the calibration curves for the target neuropeptides was tested over the range 0.25-893 ng/mL. Evaluation of the on-line SPE extraction procedure was first performed by determining recovery rates of neuropetides from aqueous solution at seven concentrations. Each sample was analyzed in triplicate. Calibration curves obtained by injecting the standards directly onto the HPLC column (without on-line SPE extraction) were used to determine neuropeptide concentrations in the on-line SPE-extracted aqueous samples, and recovery rates were calculated.
Control urine samples were spiked with neuropeptides in order to evaluate potential matrix effects caused by ion suppression. Urine samples from three different individuals were spiked with standard neuropeptide solutions, resulting in three different concentrations of 250, 428, and 643 ng/ mL, and analyzed as described. 
Results and discussion
Gliadinomorphin (Tyr-Pro-Gln-Pro-Gln-Pro-Phe), the neuropetide derived from gluten, was not commercially available as a standard and was therefore synthesized in our lab using standard protocols. In addition, a deuteriumlabeled analog containing L-tyrosine-β,β-d2 was prepared as internal standard. After purification, peptides of >98% purity were obtained. + 878.44. Since the intention was to develop a selective method with low detection limits for the analysis of urinary neuropeptides, multiple reaction monitoring was chosen as the operating mode for the tandem-mass spectrometer. In a first experiment, the optimum cone voltage for the formation of the precursor ion during electrospray ionization was determined experimentally by an infusion experiment. Further experiments were performed to determine the fragmentation behavior of these precursor ions and the corresponding optimum collision energy. The dominant fragment ions seen in the product ion spectra were used to set up the MRM transition parameters as described in Table 2 . After the MS parameters were set, the chromatographic analysis was optimized using standard solutions. Figure 2 shows a representative chromatogram of a standard solution containing gliadinomorphin, β-casomorphin, deltorphin 1, and deltorphin 2. Figure 2 indicates that sufficient chromatographic resolution was achieved for all analytes.
In order to evaluate the utility of the Oasis HLB SPE column for extracting neuropeptides from aqueous samples, recovery experiments were performed by analyzing aqueous solutions containing neuropeptide concentrations ranging from 25 ng/mL up to 428 ng/mL. Direct injection of the standards onto the analytical column was used as a reference to calculate recovery rates. Each sample was analyzed in triplicate. The average recovery rates are shown in Fig. 3 . Average recovery rates were above 80% at all seven spike levels for gliadinomorphin, β-casomorphin, deltorphin 1, and deltorphin 2, with an overall average of 103%, 94%, 92% and 90%, respectively. Average relative standard deviations (RSD) across all spike levels ranged between 2.2 and 6.4%. Average RSD for the primary target analytes, gliadinomorphin and β-casomorphin, were excellent: 2.5% and 2.2%, respectively.
A calibration using on-line SPE analysis of aqueous standard solutions was performed, which allowed the quantification of neuropeptides in urine samples (see Table 3 ). Gliadinomorphin-d2 was used as an internal Fig. 3 Evaluation of the on-line SPE extraction, achieved by determining the recovery rates of neuropetides from aqueous solution at seven spike levels. Each sample was analyzed in triplicate. Calibration curves generated by injecting the standards directly onto the HPLC column were used to calculate the recovery rates standard at a concentration of 600 ng/mL after it had been confirmed that the compound, or an interfering artifact, was not already present in urine. In the internal standard, only two protons were exchanged for deuterium atoms, giving a 2-Da difference in mass from the analyte. At very high analyte concentrations, the overlap of the analyte's second isotopic peak transition and that of the pseudo-molecular ion of the internal standard cannot be completely excluded. Therefore, in addition to monitoring the internal standard's pseudo-molecular ion transition, the first isotope peak was also recorded and can be used to construct the calibration curve. The limits of detection, defined as the smallest concentration that gave a signal-to-noise ratio greater than three, was 250 pg/mL using an injection volume of 20 μL (see Table 2 ). Linear calibration curves were observed for all analytes up to the highest measured concentration of 893 ng/mL. The limit of quantification for an extended calibration was set to 2.5 ng/mL for all analytes. However, since the opiod peptide theory is based on data obtained via HPLC with UV detection, it was expected that the neuropeptide would be detected at higher concentrations. Therefore, in order to increase sample throughput, a limited calibration in the range of 25-893 ng/mL was routinely performed, which could be extended if necessary.
The efficiency and reproducibility of the on-line SPE extraction method was also analyzed with spiked urine samples after it had been confirmed that the analytes were not already present in those reference urine samples. Urine samples from three different individuals were spiked with standard solutions, resulting in three different concentrations of 250, 428, and 643 ng/mL, and the samples were analyzed in triplicate as described. The recovery rates obtained in the urine spike experiment are shown in Fig. 4 . Data are also summarized in Table 4 . Recovery rates were calculated as 69 first morning urine samples were quantitatively analyzed for urinary peptides. The sample set contained 54 samples from children with autistic disorders and 15 control samples. In order to control the stability of the analytical system during the analysis of the samples, six calibration checks were analyzed within the sample batch. Recovery rates for the analytes were in the range 96-107%, with RSD values of 1.5-9.6%.
The target neuropeptides gliadinomorphin, β-casomorphin, deltorphin 1, and deltorphin 2 were not detected above the limit of detection within the 69 samples analyzed. This result is in agreement with the data reported by Hunter et al. [22] . Compared to the data provided by Hunter et al., a much larger sample cohort was analyzed in the study presented here, and a standard for the quantification of gliadinomorphin was synthesized. In addition, Hunter et al. acquired full-scan mass spectral data, while the MRM mode used here should provide lower detection limits and more selective detection. Nevertheless, the opioid peptide excess theory was also not validated in our study.
However, in order to completely eliminate the applicability of this theory as a contributing factor in the development of autism, an even larger number of samples will need to be analyzed to verify these findings. The developed method allows for the relatively fast and accurate analysis of the samples without time-consuming sample preparation steps. There is also the potential to apply the method to celiac disease in order to monitor urinary gliadinomorphin in gluten-sensitive patients.
Conclusions
An analytical method combining on-line SPE extraction and HPLC-tandem MS analysis was developed to analyze gliadinomorphin, β-casomorphin, deltorphin 1, and deltorphin 2 in urine. Gliadinomorphin was not commercially available and was therefore synthesized in-house together with deuterium-labeled gliadinomorphin used as internal standard. A limit of detection of 0.25 ng/mL was obtained for all analytes, and analyte recovery rates from urine ranged between 78% and 94%, with relative standard deviations between 0.2 and 6.8%. The application of the method to screen 69 urine samples from 54 children with confirmed autistic disorders and 15 age-matched controls did not detect any of the target neuropeptides. The opioid peptide excess theory was not validated using this small sample set. Our findings are in contrast to earlier work published on urinary neuropeptides using HPLC with UV detection, but are in agreement with other, more recent, LC-MS-based work in this area. However, a much larger sample set needs to be analyzed to be able to verify the data. The method could also be a useful tool for analyzing gliadinomorphin in patients with celiac disease. Furthermore, the principle of combining on-line SPE with HPLC-ESI-tandem MS analysis can be adapted to analyze other urinary metabolites.
